Mycolic acids and structures attached to them constitute a major part of the protective envelope of Mycobacterium tuberculosis, and for this reason, their role in tuberculosis pathogenesis has been extensively studied. In this issue of the JCI, Rao et al. examine the effect of trans-cyclopropanation of oxygenated mycolic acids attached to trehalose dimycolate (TDM) on the murine immune response to infection (see the related article beginning on page 1660). Surprisingly, they found that an M. tuberculosis mutant lacking trans-cyclopropane rings was hypervirulent in mice. The recent recognition of a hypervirulence phenotype in mice associated with laboratory and clinical M. tuberculosis strains with altered cell wall components has provided new insights into how M. tuberculosis may establish persistent infection. However, to date, characterization of these bioactive products in pathogenesis has been largely reductionistic; the relationship of their effects observed in mice to the persistent infection and tuberculosis caused by M. tuberculosis observed in humans remains obscure.
The report by Rao et al. in this issue of the JCI (1) represents the latest chapter in a long history of studies examining the role of Mycobacterium tuberculosis bioactive cell envelope lipids in tuberculosis pathogenesis. To be sure, this history goes back more than 50 years, when Middlebrook et al. redescribed a characteristic broth-growth morphology (first described by Robert Koch in 1884) called cording associated with virulent tubercle bacilli (2) . Subsequently, Hubert Bloch characterized the effect of petroleum ether-extractable "cord factor" from M. tuberculosis on leukocyte migration and toxicity in mice (3). The toxicity in mice was demonstrated only after serial injections of the lipid extract, suggesting that the disease involved cell-mediated immunopathology (3) . Ultimately, these effects of cord factor were traced to the glycolipid trehalose dimycolate (TDM) (4, 5) . It later turned out that TDM is found in pathogenic as well as saprophytic mycobacteria (6) . Recent studies suggest, however, that the relative composition and structural differences in TDM among different mycobacteria influence the host animal biologic response.
Mycolic acids and their effect on host immune response
TDM is composed of a nonreducing sugar trehalose covalently linked to mycolic acids.
Mycolic acids are b-hydroxyl fatty acids with an α-alkyl side chain (7) (Figure 1 ). The M. tuberculosis cell wall contains 3 classes of mycolic acids: α-, keto-, and methoxymycolates. α-Mycolic acid has 2 cyclopropane rings, which are in the cis configuration (8, 9) , while the keto- and methoxymycolates have 1 ring each in either cis or trans configuration (10) . In addition to trehalose, mycolates are linked to arabinogalactan, which is covalently attached to the peptidoglycan layer ( Figure 1 ) (11) .
The relative composition of oxygenated mycolates influences the intramacrophage growth rate of M. tuberculosis (12) . Strains lacking ketomycolates become reduced in their ability to grow inside THP-1 cells (12). Dubnau et al. reported that the absence of keto- and methoxymycolates leads to attenuation of M. tuberculosis in mice (13) . Wild-type M. bovis strains possess a complete set of mycolic acids, but the vaccine strain M. bovis BCG-Pasteur lacks methoxymycolates (13) . These observations indicate that differences in the relative composition of mycolates can influence the host immune response.
The report by Rao et al. goes further and shows that alteration in the trans-cyclopropane rings of mycolic acids in TDM affects the mouse immune response (1) . They showed that a cyclopropane mycolic acid synthase 2 (cmaA2) mutant of M. tuberculosis, which lacks trans-cyclopropane rings, is hypervirulent in mice. Accelerated mortality in mice was attributed to severe lung lesions resulting from the excessive inflammatory response produced by the cmaA2 mutant. In a clever experiment using surface lipid extracts of the mutant and wild-type strains, they showed that macrophages infected with the delipidated wild-type strain reconstituted with the lipid extract of the mutant showed a 2-fold higher expression of TNF-α than did macrophages infected with the intact wild-type strain. The delipidated mutant reconstituted with the wildtype lipid extract exhibited the wild-type phenotype. Thus, the hyperinflammatory response could be specifically attributed to the TDM lacking trans-cyclopropane rings.
The same group previously described another cyclopropane synthase gene - pcaA - that is needed for synthesis of the proximal cyclopropane ring of α-mycolic acid as well as cord formation (14, 15) . The M. tuberculosis pcaA mutant was attenuated in mice, and TDM purified from it was hypoinflammatory (15) . Thus, trans-cyclopropanation of methoxy- and ketomycolic acids in TDM and cis-cyclopropanation of α-mycolates in M. tuberculosis appear to elicit opposite effects on the immune response of mice. These findings support the idea that fine structural differences in TDM do influence clinical outcome, at least in the mouse model. (20) , and the cell wall-associated complex free lipid phthiocerol dimycocerosate (21) (22) (23) .
The relationship between bioactive lipids and the disease process New genetic techniques applied to mycobacteria, as well as mycobacterial genomics and advances in mass spectrometry of lipids, have helped to describe the biologic effects of these lipid-associated products in the host. However, many overlapping and sometimes contradictory observations have also obfuscated our understanding of the relationship of these lipid products to M. tuberculosis's ability to establish infection and cause tuberculosis. It is not surprising that these cell wall products have the observed effects on host immunity. What is not known is how changes in specific lipid structures or composition modify the whole bacterial cell wall architecture, which in turn may affect how the bacillus influences infection outcome in a host. In many ways, approaches used to examine bacterial products in isolation to infer the pathogenic strategies of M. tuberculosis are reminiscent of the proverbial 6 blind men trying to describe an elephant (see "The Blind Men and the Elephant"). The relevance of these observations to human infectionspontaneous clearance, persistent infection, rapidly progressive disease, and reactivation disease - remains obscure.
In humans, M. tuberculosis elicits a variety of clinical outcomes, even among those individuals with no apparent host-related predisposing conditions. While M. tuberculosis strains characteristically show little genetic heterogeneity, recent epidemiologic studies suggest that some M. tuberculosis strains have an enhanced ability to modify the host cellular immune response (24) (25) (26) (27) . Such strains are over-represented in certain communities. For example, strain CDC1551 caused a large outbreak of tuberculosis in rural counties in Tennessee and Kentucky in 1994-1996 (24) . In mice, it was found to produce an enhanced proinflammatory cytokine response (25) . This response was attributed to the apolar lipids of this strain (25) . Another strain (HN878), a member of a clade belonging to the Beijing family, caused a prison outbreak in Texas (26) . HN878 was found to express a highly biologically active lipid species, phenolic glycolipid (PGL), not detected in M. tuberculosis strain CDC1551 or the laboratory strain H37Rv (27) . In the mouse model, this strain exhibited "hyperlethality." Disruption of the HN878 polyketide synthase gene cluster pks1-pks15 led to loss of PGL, which was associated with increased release of TNF-α, IL-6, and IL-12 by macrophages infected with the mutant in vitro. The investigators further showed that PGL itself had an inhibitory effect on proinflammatory cytokine release by macrophages.
The above examples illustrate the relevance of differing lipid profiles to human disease. Large outbreaks were caused by both CDC1551 and HN878, indicating that
Figure 1
Schematic representation of M. tuberculosis cell envelope. Three forms of mycolic acids are depicted. α-Mycolates are the most abundant form in M. tuberculosis (orange). It has 2 cyclopropane rings (triangles) in cis configuration. Oxygenated mycolates (keto-and methoxy-, shown in red) have one cyclopropane ring each that is in either cis or trans configuration. They are covalently linked to the arabinogalactan layer, which is linked to the peptidoglycan layer. Other lipid complexes in the cell wall include acyl glycolipids (including TDM) and other complex free lipids (e.g., phthiocerol dimycocerosate) as well as sulfolipids. Lipoarabinomannan is shown linked to the plasma membrane via a phosphodiester bond. Rao et al. (1) found that the oxygenated mycolates of a cmaA2 M. tuberculosis mutant lack trans-cyclopropanated rings. Such a change could affect the mycolate layer of the cell envelope, which they claim causes a hyperinflammatory response in mice. Figure adapted and modified with permission from the Annual Review of Biochemistry (11) and Cellular Microbiology (29) .
can mimic the effect of different clinical isolates on immunocompetent mice.
These studies with human clinical and laboratory strains of M. tuberculosis show that changes in the cell wall can elicit a wide spectrum of immune responses in mice that range from a hyperinflammatory response (as in the case of the cmaA2 mutant), which can cause death, to a hypoinflammatory response (as in the case of HN878 and the mce1 operon mutants), which can also cause death in mice. For M. tuberculosis to persist inside a host, an intact granuloma comprised of just enough proinflammatory cells to not be detrimental to the bacilli appears to be necessary.
It should be pointed out that cells that comprise granulomas are mortal and that they constantly undergo replacement. Necrosis, a hallmark of tuberculosis disease, results when the programmed cell death rate in the granuloma exceeds cell replacement, which triggers uncontrolled bacterial proliferation. On the other hand, if the rate of new proinflammatory cell migration to the site of granulomas exceeds cell death rate, a hyperinflammatory state is established. In either case, these 2 extreme responses are detrimental to the host and, ultimately, to the bacilli. The variety of host immune responses elicited by M. tuberculosis lipids suggests that in a natural infection M. tuberculosis can continually remodel its cell wall, perhaps in response to granuloma cell turnover, in order to maintain the equilibrium of proinflammatory cells that make the granuloma permissive for both the bacilli and the host.
The story of the role of M. tuberculosis bioactive cell envelope lipids in host infection began many years ago with a chapter describing the tail, or cord, of M. tuberculosis. Rao et al. (1) have added a new chapter to this story by describing the importance of the shape of this tail. Hopefully, the next chapter can begin to describe the whole elephant.
these strains had distinct properties that made them highly successful in transmitting and causing disease in humans. Yet the distinct biologic properties that were identified - lipid products - and their effect in an animal model showed them to elicit opposite responses. Wild-type CDC1551 elicited a strong Th1 type response, while wild-type HN878 induced a diminished Th1 type response and was hypervirulent in mice. These distinct properties do not appear to explain the strains' success in the human population.
Spectrum of host immune response elicited by M. tuberculosis cell envelope alteration
The above, seemingly contradictory observations actually serve to provide new insights about tuberculosis pathogenesis. Recently, M. tuberculosis H37Rv and Erdman strains disrupted in a 13-gene operon called mce1 were shown to become hypervirulent in mice (28) . The mce1 operon encodes components of an ABC transporter, including a putative lipoprotein, that are located in the cell wall. Like HN878, the mce1 operon mutants are unable to elicit a strong Th1 type immune response; they cause aberrant migration of proinflammatory cells and are unable to elicit organized granuloma formation in mouse lungs. Thus, as is reported here by Rao et al. 
